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Abstract
Nucleotide sequences of the S-class genome segments of 17 field-isolates and vaccine strains of avian reovirus (ARV) isolated over a
23-year period from different hosts, pathotypes, and geographic locations were examined and analyzed to define phylogenetic profiles and
evolutionary mechanism. The S1 genome segment showed noticeably higher divergence than the other S-class genes. The C-encoding gene
has evolved into six distinct lineages. In contrast, the other S-class genes showed less divergence than that of the C-encoding gene and
have evolved into two to three major distinct lineages, respectively. Comparative sequence analysis provided evidence indicating extensive
sequence divergence between ARV and other orthoreoviruses. The evolutionary trees of each gene were distinct, suggesting that these genes
evolve in an independent manner. Furthermore, variable topologies were the result of frequent genetic reassortment among multiple
cocirculating lineages. Results showed genetic diversity correlated more closely with date of isolation and geographic sites than with host
species and pathotypes. This is the first evidence demonstrating genetic variability among circulating ARVs through a combination of
evolutionary mechanisms involving multiple cocirculating lineages and genetic reassortment. The evolutionary rates and patterns of base
substitutions were examined. The evolutionary rate for the C-encoding gene and C protein was higher than for the other S-class genes
and other family of viruses. With the exception of the C-encoding gene, which nonsynonymous substitutions predominate over
synonymous, the evolutionary process of the other S-class genes can be explained by the neutral theory of molecular evolution. Results
revealed that synonymous substitutions predominate over nonsynonymous in the S-class genes, even though genetic diversity and
substitution rates vary among the viruses.
© 2003 Elsevier Inc. All rights reserved.
Introduction
Avian reovirus (ARV) and mammalian reovirus (MRV)
belong to the genus Orthoreovirus. Both share physical-
chemical and morphological characteristics, including seg-
mented genomes consisting of 10 segments of double-
stranded (ds) RNA. The RNA is packaged into a
nonenveloped icosahedral double capsid (Spandidos and
Graham, 1976). Genomic segments can be separated by
polyacrylamide gel electrophoresis (PAGE) into three size
classes, L (large), M (medium), and S (small). ARVs differ
from their mammalian counterparts in their lack of hemag-
glutination activity (Glass et al., 1973), ability to induce cell
fusion (Bodelon et al., 2001), and association with naturally
occurring pathological conditions (Robertson and Wilcox,
1986). ARV is an important cause of diseases in poultry. In
particular, reovirus-induced arthritis, chronic respiratory
diseases, and malabsorption syndrome (Fahey and Crawley,
1954; Hieronymus et al., 1983) provoke considerable eco-
nomic losses.
All ARV-encoded proteins, including at least 10 struc-
tural proteins (A, B, C, A, B, BC, BN, C, A,
and B) and 4 nonstructural proteins (NS, P10, P17, and
NS), have been demonstrated (Varela and Benavente,
1994; Bodelon et al., 2001). In the present study, six -class
core, outer capsid, and nonstructural proteins of ARV P10,
P17, C, A, B, and NS used in the study of ARV
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evolution are encoded by S1, S2, S3, and S4 genes, respec-
tively (Bodelon et al., 2001; Chiu and Lee, 1997; Shapouri
et al., 1995; Varela and Benavente, 1994). The cell attach-
ment C protein (Martinez-Costas et al., 1997) is 326 amino
acids in length and possesses both type- and broadly specific
epitopes (Wickramasinghe et al., 1993), while protein B is
367 amino acids in length and carries group-specific neu-
tralizing epitopes (Wickramasinghe et al., 1993). Recent
evidence indicates that there is a close association between
P10 protein and the syncytial phenotype displayed by avian
reoviruses (Bodelon et al., 2001, 2002; Shmulevitz and
Duncan, 2000). A has been identified as a double-stranded
RNA (dsRNA) binding protein and may be involved in
resistance to interferon (Martinez-Costas et al., 2000; Yin et
al., 2000). Another protein of ARV, NS, has been reported
as a single-stranded RNA (ssRNA) binding protein (Yin and
Lee, 1998). The ssRNA binding activity may play an im-
portant role in viral mRNA assortment and packaging, as
described for MRV (Antczak and Joklik, 1992). Although
the pathological effects of ARVs in poultry have been
extensively investigated, relatively little is known about
genetic variations and evolution of the ARV genes. Insight
into mechanisms that result in diversity of ARV genomes is
essential for a better understanding of virus-host interac-
tions and for development of recombinant vaccines. To
date, no investigations regarding the phylogenetic patterns
and evolutionary characteristics of ARV genes have been
reported. To study the evolutionary relatedness of ARV
genes and to understand forces that influence the diversity
of ARV genomes, we analyzed the S-class genome segment
(P10-, P17-, C-, A-, B-, and NS-encoding genes)
nucleotide sequences of 17 ARV strains over a 23-year
period from different hosts, pathotypes, and geographic
locations.
Materials and methods
Virus strains and RNA preparation
Seventeen ARV isolates were used in this study (Table
1). ARV isolates were propagated in vero cells. Upon de-
velopment of 70–80% cytopathic effect (CPE), the cell
cultures were frozen and stored at 70°C. Viral particles
were purified following methods described previously (Liu
et al., 2002). RNA preparation from purified viral particles
was described previously (Liu et al., 1999). The dsRNA was
further purified by LiCl fractionation precipitation (Diaz-
Ruiz and Kaper, 1978). Viral RNA was washed twice with
70% ethanol to remove LiC1 and suspended in diethylpy-
rocarbonate (DEPC)-treated water.
Reverse transcription (RT)-polymerase chain reaction
(PCR)
To determine the S-class genome segment nucleotide
sequences of ARV isolates, purified genomic dsRNA from
these isolates was used to generate cDNA clones by reverse
transcription and polymerase chain reaction amplification
(RT-PCR). The primers for amplification of the S-class
genes were located at the 5 and 3 noncoding regions
encompassing the P10, P17, C, A, B, and NS open
Table 1
Avian reovirus (ARV) strains used in this study
Virus straina Pathotypeb Origin Date of isolation The lineage of each gene
C A B NS
S1133 VA US 1971 I I I I
1733 MAL US 1983 I I I I
2408 MAL US 1983 I I I I
138 VA US UNc I I III —d
176 VA US UN I I I I
OS161 MAL Japan 1970 I I I I
601SI VA Taiwan 1992 I II I I
T6 RES Taiwan 1970 I I I I
750505 VA Taiwan 1986 I I I I
919 Normal Taiwan 1992 I I I I
601G VA Taiwan 1992 II II II II
R2/TW VA Taiwan 1992 II II II III
918 MAL Taiwan 1992 III I II III
916 MAL Taiwan 1992 IV II II III
1017-1 MAL Taiwan 1992 III II II III
RAM-1 Normal Australia 1971 V — — —
SOM-4 VA Australia UN VI — — —
a With the exceptions of 919 strain isolated from a quail, the other strains were isolated from chickens.
b VA, viral arthritis; MAL, malabsorption; RES, respiratory disease.
c Unknown.
d Not determined.
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reading frame (ORF). The sequences and locations of prim-
ers were shown in Table 2. In the RT-PCR test, 1 g of
purified dsRNA was denatured in boiling water for 10 min,
chilled on ice for 5 min, and then used as a template.
One-tube RT-PCR was performed according to procedures
provided by the Perkin-Elmer Co. (Branchburg, NJ, USA).
Reverse transcription (RT) was carried out at 50°C for 30
min. PCR reactions were subjected to 35 cycles consisting
of denaturation for 1 min at 94°C, annealing for 1 min at
55°C, extension for 2 min at 72°C, and one final extension
cycle at 72°C for 7 min.
cDNA cloning and sequencing
To study genetic variations and evolutionary feature of
the S-class genes as well as phylogenetic relatedness of
ARVs, all amplified cDNA fragments were cloned and
sequenced. Purified PCR products derived from the C- and
A-encoding genes were treated with Klenow polymerase
and inserted into the SmaI site of dephosphorylated plasmid
pUC18. PCR products amplified from the P10-, P17-, B-,
and NS-encoding genes were purified and subcloned into
the EcoRI site of dephosphorylated plasmid pUC18. Re-
combinant plasmids were used to transform competent cells
of E. coli DH5 strain. Recombinant plasmid DNA was
purified by using a purification kit (Qiagen, Valencia, CA,
USA) prior to sequencing. To assure that the nucleotide
sequences did not contain PCR-based errors, three clones of
each gene of ARV were sequenced with an automated laser
fluorescence DNA sequencer.
Analysis of nucleotide and deduced amino acid sequences
Nucleotide and deduced amino acid sequences as well as
the possible secondary structure of -class core, outer cap-
sid, and nonstructural proteins of ARV were analyzed with
a Dnastar software package (Dnastar Inc., Madison, WI,
USA). The S-class genome segment nucleotide sequences
and predicted amino acid sequences of ARV -class pro-
teins were used in paired identity analysis to determine the
extent of nucleotide and amino acid sequence identity and
divergence.
Paired identity analysis between homologous S-class
genes and -class proteins of ARV and other orthoreovi-
ruses was performed to study the extent of divergence of the
genus Orthoreovirus. The accession numbers for the vari-
ous genes of the fusogenic and nonfusogenic orthoreovi-
ruses were obtained from GenBank: NBV: S1 (P10, P17,
C)-AF218360, S2 (1)-AF059718, S3 (NS)-AF059726,
S4 (2)-AF059722; BRV: S1 (1)-AF059719, S2 (2)-
AF059723, S3 (NS)-AF059727; MRV-1: S1 (1)-
M35963, S2 (2)-L19774, S3 (NS)-M18389, S4 (3)-
M13139; DRV-89026: S1 (A)-AJ278102, S3 (NS)-
AJ133122, S4 (P10)-AJ31 0526, S4 (C)-AJ310525; DRV-
89330: S3 (B)-AJ243881.
Phylogenetic analysis and evolutionary rates
DNA sequences were compiled and edited by using the
DNASTAR software package. Phylogenetic trees based on
the S-class genes were constructed by using the neighbor-
joining (NJ) method (Gojobori et al., 1982; Saitou and Nei,
1987) and bootstrap analysis (n  500) to determine the
best fitting tree for each gene. The nucleotide sequence data
reported in this study have been deposited with the Gen-
Bank database and have been assigned accession numbers
for each gene of ARV. ARV strains sequenced in this study
are indicated in Table 3.
Evolutionary rates based on the total number of nucleo-
tide substitutions in the S-class genes were calculated by
plotting the evolutionary distance (number of substitutions
per site) of each virus from the earliest isolate (T6 strain)
Table 2
Primers used in this study
Primer Sequence (5-3)a,b,c Target
gene
Position Expected
size (bp)
S1A CTTGTCTTATAGTTCATTGGG C 601–621 1023
S1H TCCCAGTACGGCGCCACACC 1623–1603
S1A1 C/ATTA/GTA/TG/ATTCAT/CTGGGATGG C 601–625 1023
S1B1 T/CCC/GCA/CGT/CACGGCGCCACACC 1623–1603
P10-1 GCTTTTTGAATTCCTTGTTCGTCGATG P10/P17 1–27 760
P17-2 GTAGAGAATTCTAGATTGGTCAGCCGTTCA 731–760
S21 TTCCACGATGGCGCGTGCCATATAC A 9–33 1275
S22 AGCGTACGACCCTACGCCTAGGC 1283–1261
S31 GAGAATTCAGCGCGCAAGCCGCAATG B 1–26 1149
S32 GTGAATTCTGACCCGGAGGTACCC 1128–1149
S41 TTGAATTCTTGTGCAGCCATGGAC NS 6–29 1152
S42 GCGAATTCTCACCCGCACCATGGG 1157–1134
a Primers were selected according to the sequences of the S-class genes of avian reovirus (ARV) S1133 strain.
b Underline indicates the location of an EcoRI restriction site used to clone PCR products.
c Primer pair S1A1–S1B1 was designed to amplify highly diversity of ARV S1 gene.
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against the year of isolation and determining the slope of the
best-fit line by regression analysis.
Results and discussion
Analysis of the S1 genome segment and amino acid
differences in P10, P17, and C proteins
Substitutions in the nucleotide sequences were distrib-
uted randomly throughout the S-class genes of ARV iso-
lates, using S1133 as a benchmark, and insertions and de-
letions were not found in the nucleotide sequences studied.
Sequence comparisons among the S-class genome segments
revealed that the nucleotide variability of the C-encoding
gene (981 bp) was noticeably higher than that of the other
S-class genome segments, with maximum divergence of
46%. The maximum deduced amino acid divergence of C
was 53% (Table 5). It was of particular interest that non-
synonymous substitutions predominate over synonymous
substitutions in the C-encoding gene. In contrast, the ma-
jority of the nucleotide variations in the A, B, and NS
genes occurred at the third positions of codons and most
(80–90%) were silent and synonymous substitutions. The
C protein displayed the highest level of sequence diver-
gence, presumably a reflection of evolutionary pressures
exerted by the host immune response against this external
capsid protein. This might either lead to emergence of
mutants avoiding clearance by the host’s immune system or
a broad distribution of mutants within the viral population.
Estimation of nucleotide and amino acid substitution
rates of the C-encoding gene of ARV revealed that the
evolutionary rates of lineages II, III, and IV calculated here
were much higher than those of the other S-class genes.
Nucleotide substitution rates for lineages I, II, III, and IV
were estimated to be 1.73  103 nucleotide substitutions/
site/year (ns/st/yr), 10.61  103 (ns/st/yr), 20.76  103
(ns/st/yr), and 18.39  103 (ns/st/yr), respectively (Table
4). At the amino acid level, the C protein of the lineages II,
III, and IV were observed to be evolving at rates of 11.36
103 amino acid substitutions/site/year (aa/st/yr), 23.21 
103 (aa/st/yr), and 19.80  103 (aa/st/yr), respectively,
which were higher than that of lineage I (3.10  103
aas/st/yr) (Table 4). The rates of nucleotide and amino acid
substitutions were significantly higher in the C-encoding
gene compared to the other S-class genome segments and
other families of viruses (Goral et al., 1996; Hiromoto et al.,
2000; Lindstrom et al., 1999; Orito et al., 1989; Palombo et
al., 1996). It was apparent from the analysis that virus
isolates in Taiwan over the period 1970–1992 appeared to
have accumulated more nucleotide substitutions in the C-
encoding gene than did the strains isolated in United States.
However, ARVs, like other RNA viruses, which lack proof-
reading and postreplicative error correction mechanisms,
are expected to have high mutation rates (Steinhauer and
Holland, 1987). The C-encoding gene, perhaps by virtue
of its protein product, C, which possesses both type- and
broadly specific epitopes (Wickramasinghe et al., 1993;
Shapouri et al., 1996), might have been subjected to an
initial increased rate of evolution under strong immunolog-
ical selection. A striking feature of ARV isolates is that their
rapid evolution, resulting in a wider heterogeneity in patho-
genicity, and their neutralizing antigens as well as consid-
erable cross-reaction among heterologus types, were dem-
onstrated (Ni and Kemp, 1995; Robertson and Wilcox,
1986; Rosenberger et al., 1989). This may have led to at
least 11 serotypes (Takase et al., 1987). In addition to
antigen drift of ARV C, emergence of new serotypes and
epidemic strains (Giambrone and Solano, 1988; Lee et al.,
1992) may be influenced through a combination of genetic
mutation and reassortment between cocirculating viruses.
Examination of the amino acid sequence of C among
15 ARV isolates revealed the presence of a heptapeptide
Table 4
Evolutionary rates for the S-class genes of avian reovirus
Gene Evolutionary
lineage
Nucleotide substitution
rate (nt/st/yr [103])
Amino acid substitution
rate (aa/st/yr [103])
C I 1.70 3.10
II 10.61 11.36
III 20.76 23.21
IV 18.39 19.80
A I 0.80 1.32
II 5.45 1.20
B I 2.01 1.94
II 3.96 1.78
NS I 0.30 0.27
II 8.89 2.60
III 7.45 2.35
Table 3
Nucleotide sequences used for phylogenetic analysisa
Strain GenBank accession number
C A B NS
S1133 L39002 AF104311 U20642 U95952
1733 AF004857 AF293773b AF004856 AF294772b
2408 AF204945b AF247724b AF208038b AF213468b
138 AF218359 AF059717 AF059721 AF059725
176 AF218358 AF059716 AF059720 AF059724
750505 AF204950b AF294767b AF208035b AF213470b
T6 AF204948b AF294768b AF208036b AF213469b
OS161 AF204946b AF294770b AF301471b AF294777b
919 AF204949b AF294763b AF208034b AF294776b
601SI AF204947b AF294769b AF208037b AF294773b
916 AF297214b AF294764b AY008383b AF294774b
918 AF297215b AF294766b AF301373b AF294775b
R2/TW AF297213b AF294765b AF301472b AF294778b
1017-1 AF297216b AF294762b AF301474b AF294771b
601G AF297217b AF311322b AY008383b AY008385b
RAM-1 L38502 NA NA NA
SOM-4 L07069 NA NA NA
a NA, Nucleotide sequences not available.
b Nucleotide sequences determined in this study.
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repeat pattern, as previously described (Liu et al., 1997;
Shapouri et al., 1995). Computer analysis of C secondary
structure revealed the following features: 54.2% are in the
form of -sheets, 18.7% of the residues are in the form of
-helices, 0.02% are within turns, and 23.6% are in random
coils. It is interesting that the N-terminal one-third of C
protein was highly -helix and contained a heptapeptide
repeat of hydrophobic residues (aa 16–155) conserved in all
ARV isolates (80–92%), even though they shared the larg-
est degree of variations in this region (Fig. 1A). This sug-
gested that a heptapeptide repeat pattern and relatively high
frequency of -helix structures in the N-terminal region of
C protein are important to the structure and stability of the
ARVs. However, repeating apolar residues were shown to
determine MRV protein structure and stability (Lim and
Sauer, 1989). This structural characteristic was shown to be
responsible for oligomerization and incorporation of MRV
1 into virions (Leone et al., 1991). The presence of this
pattern in the N-terminal region of C of ARV, apart from
the structural similarity with 1 protein of MRV, suggested
an oligomer form for this protein. Both C and 1 proteins
have the ability for cell attachment (Martinez-Costas et al.,
1997; Nibert et al., 1990). The present study suggests that
these proteins may have a similar localization in the virion
and a similar function in virus-host cell interaction.
It was demonstrated that P10 protein is a viroporin
(Bodelon et al., 2002) and responsible for ARV-induced cell
fusion (Bodelon et al., 2001, 2002; Shmulevitz and Duncan,
2000). An extracellular NH2-terminal domain (aa residues
1–22) of P10 was found to be important for fusogenic
activity, because its deletion entirely abolished the fuso-
genic activity of P10 (Bodelon et al., 2002). Comparative
sequence analysis of P10 revealed that the greater extent of
amino acid conservation among ARV isolates was observed
in the NH2-terminal region of P10 (Fig. 1B), with several
amino acid substitutions in the first 22 NH2-terminal do-
mains. Sequence analysis of P17 revealed extensive se-
quence divergence between ARV and NBV (Fig. 1C). ARV
P10- and P17-encoding genes exhibited only 25–43% iden-
tity with DRV and NBV homologous segments, resulting in
amino acid identities in the range of 4–29% (Table 5).
Analysis of B-encoding gene and amino acid differences
in B protein
The percent nucleotide divergence of the B-encoding
gene exceeded 15.9%, resulting in amino acid divergence of
the B protein in the range of 0–7.6% (Table 5). Because
the majority of the nucleotide substitutions occurred at the
third positions of codons, approximately 80% were silent.
Examination of B revealed that the possible secondary
structure has the following features: 31% are in the form of
-helices, 29.1% of the residues are in the form of -sheets,
21% are in random coils, and 18.8% are within turns.
Alignment of deduced amino acid sequences of the B
protein with that of S1133 showed variability in the B
protein when compared to the other -class proteins. The
B protein had slightly higher variability, with 55 differ-
Table 5
Percentage identities of homologous S-class genes and encoded proteins of ARV and other orthoreovirusesa
S1133 1733 176 138 750505 T6 918 601G DRV NBV BRV MRV-1
S1133 99, 99, 99 98, 99, 99 97, 94, 95 98, 99, 99 99, 99, 99 98, 94, 96 97, 95, 96 88, 90, 61 60, 49, 38 30, 32, 22 31, 26, 24
97, 99, 99 99, 99, 99 84, 95, 88 95, 99, 99 96, 99, 98 47, 99, 99 73, 96, 82 25, 9, — 23, 9, 29 —, —, — 17, —, —
1733 99,99,99 99, 99, 99 98, 94, 95 99, 99,99 99, 99, 99 99, 94, 97 98, 95, 96 88, 89, 61 60, 49, 38 30, 32, 22 31, 26, 24
99,99,99 99, 99, 99 85, 96, 88 99, 99, 99 99, 99, 99 49, 99, 99 76, 97, 82 25, 9, — 24, 9, 29 —, —, — 17, —, —
176 99,99,99 99, 99, 99 98, 94, 95 99, 99, 99 99, 99, 99 99, 94, 97 98, 95, 96 89, 90, 61 60, 49, 38 30, 32, 22 31, 26, 24
99,99,99 99, 99, 99 84, 96, 88 99, 99, 99 99, 99, 99 49, 99, 99 76, 97, 82 25, 9, — 23, 9, 29 —, —, — 17, —, —
138 93,83,87 94, 83, 87 94, 83, 87 98, 94, 95 98, 94, 95 97, 79, 95 99, 85, 94 90, 90, 61 60, 50, 38 30, 31, 24 31, 25, 23
81,87,86 82, 88, 86 82, 88, 86 83, 96, 88 83, 96, 87 50, 96, 88 75, 97, 83 21, 9, — 23, 8, 28 —, —, — 18, —, —
750505 99,99,99 99, 99, 99 99, 99, 99 93, 94, 87 99, 99, 99 99, 94, 97 98, 95, 96 88, 89, 61 60, 49, 38 30, 31, 22 31, 26, 24
98,99,99 99, 99, 99 99, 99, 99 82, 88, 86 99, 99, 99 48, 98, 99 74, 96, 82 25, 9, — 23, 9, 29 —, —, — 17, —, —
T6 99,99,99 99, 99, 99 99, 99, 99 93, 94, 87 99, 99, 99 99, 94, 97 97, 95, 96 88, 89, 61 60, 49, 38 30, 31, 22 31, 26, 24
98,99,99 99, 99, 99 99, 99, 99 82, 88, 86 99, 99, 99 48, 98, 99 75, 96, 81 25, 9, — 24, 9, 29 —, —, — 17, —, —
918 97,79,90 97, 79, 90 97, 79, 90 92, 78, 84 97, 79, 91 97, 79, 91 97, 93, 97 89, 75, 62 60, 44, 34 27, 28, 17 26, 25, 16
54,99,99 55, 99, 99 55, 99, 99 57, 87, 85 54, 99, 99 55, 99, 99 49, 96, 82 23, 11, — 23, 9, 29 —, —, — 15, —, —
601G 87,83,92 87, 83, 92 87, 83, 92 88, 85, 85 87, 83, 92 87, 83, 92 89, 78, 94 90, 75, 62 61, 43, 33 27, 27, 17 27, 26, 16
76,89,77 77, 89, 77 77, 89, 77 75, 86, 77 76, 89, 77 77, 89, 77 56, 89, 77 23, 12, — 25, 8, 28 —, —, — 15, —, —
DRV 77,77,64 78, 77, 64 78, 78, 64 79, 76, 62 77, 77, 62 77, 77, 64 72, 75, 55 73, 75, 54 60, 50, 33 28, 29, 24 31, 26, 24
24,29,— 24, 29, — 24, 29, — 24, 29, — 24, 29, — 24, 29, — 24, 21, — 24, 21, — 16, 4, 29 —, —, — 15, —, —
NBV 60,53,48 60, 53, 46 60, 53, 49 60, 53, 49 60, 53, 49 60, 53, 49 52, 44, 34 52, 44, 34 52, 42, 31 32, 19, 21 30, 24, 20
28,26,43 27, 26, 43 27, 26, 43 28, 27, 42 27, 26, 43 28, 26, 43 27, 26, 43 30, 27, 43 25, 25, — —, —, — 17, —, —
BRV 40,41,33 40, 41, 33 40, 41, 33 40, 40, 32 40, 41, 33 40, 41, 33 40, 28, 32 40, 27, 32 —, 27, — 43, 40, 36 28, 27, 16
—,—,— —, —, — —, —, — —, —, — —, —, — —, —, — —, —, — —, —, — —, —, — —, —, — —, —, —
MRV-1 42,37,37 42, 37, 37 42, 37, 37 41, 36, 38 42, 37, 37 42, 37, 37 29, 25, 23 29, 26, 23 28, 25, 24 41, 36, 35 40,35, 30
23,—,— 23, —, — 23, —, — 22, —, — 22, —, — 23, —, — 21, —, — 19, —, — 20, —, — 21, —, — —, —, —
a
—, Sequences not available. The percent identities were determined by pairwise comparisons of the homologous genome segments of the various
orthoreoviruses, and their encoded proteins. Numbers in the top right of the table indicate amino acid identities, whereas the bottom left numbers indicate
nucleotide identities. Under each pairwise comparison, the first number indicates the percent identity of the A proteins, the second number indicates the
percent identity of the NS protein, and the third number indicates the percent identity of the B, whereas the second row of numbers (fourth to sixth
numbers) indicates the percent identities of the C, P10, and P17 proteins, respectively.
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ences observed among isolates (Table 6). Only four
changes, at residues 147 (A), 170 (S), 171 (A), and 337 (H),
were maintained in lineage II viruses. The evolutionary
rates for lineages I and II of B-encoding gene were esti-
mated to be 2.0  103 (ns/st/yr) and 3.96  103 (ns/st/
yr), respectively (Table 4). At the amino acid level, the B
protein of the lineages I and II were estimated to be evolv-
ing at rates of 1.94  103 (aa/st/yr) and 1.78  103
(aa/st/yr), respectively (Table 4).
Analysis of A-encoding genes and amino acid
differences in A protein
It has been shown that ARV A binds to ARV dsRNA
(Martinez-Costas et al., 2000; Yin et al., 2000) and has
possible involvement in resistance to interferon (Martinez-
Costas et al., 2000). Analysis of ARV A revealed that the
protein appeared to contain a carboxy-terminal region (one-
fourth of the protein) that consists of -helix and -turns
and a large amino-terminal region (three-fourths of the
protein) that is mainly -turns and -strands. These results
are similar to those for MRV 2, which possess dsRNA
binding activity (Schiff et al., 1988).
In pairwise comparison of nucleotide sequence variabil-
ity, identity of the nucleotide positions ranged from 86 to
100%. The majority of the observed nucleotide sequence
variability occurred at synonymous positions; in pairwise
comparisons, variability at synonymous positions in the
A-encoding gene nucleotide sequences exceeded 90%.
The degree of sequence divergence of A-encoding gene
Fig. 1 (continued)
Fig. 1. (A–C) Comparison of deduced amino acid sequences of C, P10, and P17 proteins of avian reovirus (ARV) isolates. The single-letter amino acid code
is used. ARV-S1133 sequences were shown on top, and only differences were indicated. The amino acid positions and lineages were indicated at the right
hand side. The heptapeptide repeat pattern (aa 16–155) and the presence of hydrophobic amino acid residues at the first and fourth positions in each pattern
of C protein was indicated by () and (#), respectively. The amino acid sequences of the NH2-terminal region (aa 1–22) of P10 responsible for fusogenic
activity were underlined. Amino acid deletion in P10 was indicated by (). (B) Comparison of deduced amino acid sequences of P10 protein. (C) Comparison
of deduced amino acid sequences of P17 protein.
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among ARV isolates was less than 14% and 3.8% at both
the nucleotide and the deduced amino acid levels. Deduced
amino acid sequences of the A protein of both lineages
with that of S1133 revealed lower variability in the A
protein when compared to the other -class proteins (Table
6). There were a total of 28 amino acid changes (6.71%)
among isolates and eight lineage II-specific amino acids,
shared by three or more viruses, at residues 30 (T), 78 (I),
81 (N), 118 (V), 254 (S), 264 (K), 301 (M), and 343 (V)
(Table 6). Because the majority of nucleotide variability
occurred at the third positions of codons and 90% were
silent, the greater extent of amino acid conservation among
ARV isolates was observed.
Based on the evolutionary distances of the A-encoding
gene, the nucleotide substitution rate for lineages I and II
were estimated to be 0.80  103 (ns/st/yr) and 5.45 
103 (ns/st/yr), respectively (Table 4). It was observed that
lineages II of the A-encoding gene were evolving at a rate
about six times higher than that of lineage I. At the amino
acid level, the A proteins of lineages I and II were esti-
mated to be evolving at rates of 1.32  103 (aa/st/yr) and
1.20  103 (aa/st/yr), respectively (Table 4).
Analysis of NS-encoding genes and amino acid
differences in NS protein
The NS protein has been reported as an ssRNA binding
protein (Yin and Lee, 1998), similar to its MRV counterpart
NS. The degree of sequence divergence of NS-encoding
gene among ARV isolates was less than 22.6% and 7.4% at
both the nucleotide and the deduced amino acid levels
(Table 5). The NS protein had low variability, with 43
Fig. 1 (continued)
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differences observed among isolates (Table 6). Lineage II-
specific amino acid residues were at positions 21 (V), 77
(L), 158 (A), 205 (G), 218 (S), and 297 (P). It was observed
that the average pairwise variability at nonsynonymous po-
sitions in the NS-encoding gene was significantly less than
the variability at synonymous positions.
Nucleotide substitution rates for lineages I, II, and III of
the NS-encoding gene were estimated to be 0.30  103
(ns/st/yr), 8.89  103 (ns/st/yr), and 7.45  103 (ns/st/
yr), respectively (Table 4). It was apparent that lineages II
and III were evolving at a rate 26 times higher than that of
lineage I. At the amino acid level, the NS proteins of
lineages I, II, and III were observed to be evolving at rates
of 0.27  103 (aa/st/yr), 2.60  103 (aa/st/yr), and 2.35
 103 (aa/st/yr), respectively (Table 4). Because the ma-
jority of the nucleotide substitutions occurred at the third
positions of codons and approximately 86% were silent, the
greater extent of amino acid conservation among isolates
Fig. 1 (continued)
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Table 6
Amino acid variation of the A, B and NS proteins of avian reovirus
Protein B aa at Position
21 29 65 80 112 115 116 121 127 129 130 131 147 151 156 158 159 167 170 171 188 190 192 193 194 200 201 205 215 229 230 233 236 237 240 245 256 257 263 277 282 299
S1133 K A A Y D D E M N E V A T D R E R D A S C V P S L F G T S S Q A V M N E A F G H V S
1733 P K
2408 P K
750505 P P K
919 P K E
OS161 N V P G T
T6 P K
176 V P K
601SI P K
R2/TW S F S A P S A Q
918 P F A P S A G Q
916 S F I A P S A L Q
601G R A E P S A T D L Q
1017-1 S F D T A P S A W G S A S A R I D A
138 Q F E T A P Q N S V T A A
Protein B aa at Position A aa at Position
310 319 337 338 339 341 342 343 344 352 358 362 366 30 34 40 43 64 73 78 81 91 118 127 129 144 180 186 213 233 242 254 258 262 264 301 319 343 344 376 390
S1133 C C N V C D E V A T T E G S S P M M A V S Y A N P P R I D I R T N I Q V M M A Q R
1733 V L F Q V
2408 R V L F Q V A
750505 V L F Q V A K
919 V L F Q V
OS161 V L F Q V V
T6 V L F Q V R
176 V L F Q V A
601SI V T L I N F V Q V A V S K M V
R2/TW Y H N V T L I N L V T Q V A V S K M V
918 H D V N V F L F S Q V A T
916 H I D N V T L I N F V L Q V A S K M I V
601G W H D N V T L L N L V Q V A T M V
1017-1 H E D A S V T L N F V Q V A P S V K M V
138 D A V S T L L V N L Q V A M V
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was also observed. The greatest sequence conservation in
the A and NS proteins, which possess dsRNA and ss-
RNA binding activities (Martinez-Costas et al., 2000; Yin
and Lee, 1998; Yin et al., 2000), respectively, revealed that
both proteins seem to have functional constraints against
amino acid changes.
The present study revealed that the S-class genome seg-
ments have higher rates of synonymous substitutions than of
nonsynonymous substitutions, with the exception of the
C-encoding gene of ARV, in which rates of nonsynony-
mous substitutions are higher than those of synonymous
substitutions. The remarkable evidence here is that synon-
ymous substitutions much predominate over nonsynony-
mous substitutions in all the ARV examined, showing the
typical pattern of the neutral theory of viral evolution (Go-
jobori et al., 1990). For each data set, these nucleotide
substitution rates were calculated: the total number of base
changes, the synonymous base changes, and the nonsynony-
mous base change. That over 80% of variation in synony-
mous divergence can be accounted for by time in A, B,
and NS genes suggested the use of a molecular clock to
describe synonymouus evolution over these time scales.
Phylogenetic relationships of ARV isolates and
evolutionary analysis of the S-class genome segments
To test the possibility of reassortment between strains of
different serotypes or pathotypes and to evaluate evolution-
ary relationships of ARV isolates, we constructed phyloge-
netic trees using variation in the S-class genes, which en-
coded -class core, outer capsid, and nonstructural proteins
of ARV. Phylogenetic trees created are shown in Fig. 2. The
term, lineages, which is defined as a cluster of genetically
related viruses with less than 10% nucleotide divergence
across the S-class genome segment nucleotide sequences,
has been used for differentiation of genetic linkages of the
S-class genes, whereas less than 2% nucleotide divergence
between strains has been considered to indicate a direct
epidemiological linkage. The C-encoding gene has
evolved into six distinct lineages, while the other S-class
genes were observed to have diverged into two or three
distinct lineages (Table 1 and Fig. 2). The C-encoding
gene displayed the feature of highest level of sequence
divergence and rapid evolution; therefore, the gene could be
used as a genetic marker for rapid differentiation and clas-
sification of ARV isolates. Furthermore, by working on the
full-length C-encoding gene of ARV, which is responsible
for serotype specificity in ARV, it should be possible to
obtain a better correlation between genetic and serologic
classification. Since the strain typing based on a cross-
neutralization test is not yet well established, it is difficult to
relate the observed lineages for C to the serotype assign-
ments of these viruses.
Nine Taiwanese isolates, isolated at different dates, have
evolved into four lineages. Taiwanese strains 750505, 919,
601SI, and T6 as well as a Japanese OS161 strain wereTa
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clustered into lineage I and phylogenetically related to U.S.
vaccine strains, suggesting that they may have originated
from a common ancestor. Viruses of 1992 displayed the
highest levels of sequence divergence, and were revealed to
be located in four distinct lineages (I, II, III, and IV). These
Taiwanese isolates showed genetic and antigenic diversity
and caused disease outbreaks in Taiwan (Lee et al., 1992).
The two Australian isolates were closely related and dis-
tantly related to Taiwanese, Japanese, and U.S. strains,
suggesting that the viruses are evolving separately in dif-
ferent continents and represent distinct lineages. Although
no correlative relationship between ARV genotypes and
pathotypes was observed, phylogenetic profiles and paired
identity analysis revealed that genetic diversity related more
to the date of isolation and place of isolation, rather than to
the host species and pathotypes.
Phylogenetic analysis of the A, B, and NS genes
showed that these genes have evolved into two to three
major lineages, respectively (Fig. 2). Interestingly, the C
genes of viruses of A, B, and NS genes of lineages I, II,
and III were not restricted to either C lineages. Rather, C
lineages I–IV consisted of a mixture of viruses from A,
B, and NS genes of lineages I, II, and III, reflecting
frequent reassortment of these genes among ARV isolates.
In fact, only seven isolates (S1133, 1733, 2408, 750505, T6,
OS161, and 919) contained genes, that were consistently
located in the same respective lineage, while the remaining
virus isolates demonstrated reassortment of at least one gene
segment. Such complex phylogenetic patterns may be in-
dicative of a symbiotic relationship among divergent viruses
where timely exchange of gene segments provides the vari-
ability necessary for these viruses to continue circulating. It
thus became apparent that ARV was able to generate ge-
netic diversity among circulating viruses through a combi-
nation of evolutionary mechanism involving cocirculating
lineages and genetic reassortment by which new variants
with distinct gene constellations emerged. Phylogenetic
profiles also showed that each lineage of the S-class genes
consisted of a mixture of pathotypes of viruses, indicating
that distinct pathotypes of ARV have coevolved. Results
Fig. 2. Phylogenetic trees based on nucleotide sequences of the S-class genes of avian reovirus (ARV) were created. C (A), A (B), B (C), and
NS (D).
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provide evidence that strongly suggests for the first time that
intergenotype and multiple species of ARV S-class genes
reassort in nature, further confirming that these reassortment
events are the possible evolutionary mechanisms by which
ARVs rapidly evolve. The present study of ARV evolution
will provide insight into strategies by which ARVs survive.
Distinct reassortment events mentioned above can result in
ARV strains with novel genetic and antigenic properties.
Further characterization of such viruses is important for the
development of effective ARV vaccination strategies.
Paired identities between homologous S-class genes and
-class proteins of ARV and other orthoreoviruses
The nucleotide and predicted amino acid sequences of all
the ARV small genome segments were aligned with homol-
ogous genes and proteins (data not shown). The aligned
sequences were then used in pairwise comparisons and the
percentages of nucleotide and amino acid sequence identi-
ties were determined (Table 5). ARV A-, B-, and NS-
encoding genes exhibited more than 54–79% identity with
DRV homologous segments, resulting in amino acid iden-
tities in the range of 61–90% (Table 5). Indeed, amino acid
sequences were essentially contiguous and required only a
few small gaps to maintain the alignments (data not shown).
By contrast, sequence comparisons of these ARV proteins
with MRV-1, NBV, and BRV homologues revealed exten-
sive sequence divergence, with amino acid identities that
ranged from 16 to 61% (Table 5). The results were consis-
tent with previous investigation (Duncan, 1999). ARV P10-,
P17-, and C-encoding genes exhibited only 19–43% iden-
tity with other orthoreovirus homologous segments, result-
ing in amino acid identities in the range of 4–29% (Table
5). The results of the present work provided evidence indi-
cating that extensive sequence divergence occurred between
the avian isolates and other fusogenic and nonfusogenic
orthoreoviruses.
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